Huntington disease is a genetic neurodegenerative disorder that produces motor, neuropsychiatric, and cognitive deficits and is caused by an abnormal expansion of the CAG tract in the huntingtin (htt) gene. In humans, mutated htt induces a preferential loss of medium spiny neurons in the striatum and, to a lesser extent, a loss of cortical neurons as the disease progresses. The mechanisms causing these degenerative changes remain unclear, but they may involve synaptic dysregulation. We examined the activity of the corticostriatal pathway using a combination of electrophysiological and optical imaging approaches in brain slices and acutely dissociated neurons from the YAC128 mouse model of Huntington disease. The results demonstrated biphasic age-dependent changes in corticostriatal function. At 1 month, before the behavioral phenotype develops, synaptic currents and glutamate release were increased. At 7 and 12 months, after the development of the behavioral phenotype, evoked synaptic currents were reduced. Glutamate release was decreased by 7 months and was markedly reduced by 12 months. These age-dependent alterations in corticostriatal activity were paralleled by a decrease in dopamine D 2 receptor modulation of the presynaptic terminal. Together, these findings point to dynamic alterations at the corticostriatal pathway and emphasize that therapies directed toward preventing or alleviating symptoms need to be specifically designed depending on the stage of disease progression.
Introduction
Huntington disease (HD) is a severe autosomal dominant disorder that is produced by a polyglutamine expansion in the gene product huntingtin (htt) (Huntington's Disease Collaborative Research Group, 1993) . HD is characterized by progressive neurodegeneration within the cortex and striatum, neuropsychiatric changes, progressive motor disturbances, and early death (Vonsattel and DiFiglia, 1998; Sapp et al., 1999) . Although the progression of symptoms in HD have been classically attributed to cellular neurodegeneration (Young, 2003) , mutant htt promotes abnormal corticostriatal synaptic transmission (Li et al., 2003a,b; Smith et al., 2005) that may ultimately play a significant role in the development of clinical symptoms (Cepeda et al., 2007) .
Recent studies have provided evidence for abnormal corticostriatal function in mouse models of HD (Mangiarini et al., 1996; Levine et al., 1999; Laforet et al., 2001; Cepeda et al., 2003; Li et al., 2004; Milnerwood and Raymond, 2007) . Pathological alterations in cortical neurons (Turmaine et al., 2000; Klapstein et al., 2001; Laforet et al., 2001 ) significantly influence neuronal firing patterns, and subsequent changes in glutamatergic neurotransmission (Calabresi et al., 1995; Mainen and Sejnowski, 1996) may expose striatal medium spiny neurons (MSNs) to excessive excitation (Levine et al., 1999; Laforet et al., 2001; Cepeda et al., 2003) .
Here, we combined electrophysiological and newly developed optical approaches to identify age-related changes along the corticostriatal pathway in YAC128 mice. The YAC128 mouse model of HD was created using a yeast artificial chromosome (YAC) containing the entire human HD gene with 128 CAG repeats, including all known promoter regions (Slow et al., 2003) . The phenotype in YAC128 mice is protracted and progressive with impaired learning at 2 months, the onset of motor hyperactivity at 3 months, and bradykinesia with striatal neurodegeneration beginning at 7 months (Slow et al., 2003; Van Raamsdonk et al., 2005) .
To evaluate age-dependent changes in corticostriatal activity, we used several groups of YAC128 transgenic mice, defined according to the development of symptoms: a young group (1 month) showing no evidence of abnormal behaviors and a middle-aged group (7 months), corresponding with the well established motor impairment. An older group of mice (12 months), displaying robust locomotor hypokinesis and well recognized neuropathological changes (Slow et al., 2003) , was used to follow the progression of presynaptic changes. We examined synaptic currents evoked by activation of inputs from the motor cortex to MSNs in slices and used an acute isolation procedure to assess alterations in AMPA receptor (AMPAR) function. Optical methods measured glutamate release from motor cortical projections to the striatum and dopamine regulation of corticostriatal transmitter release.
The results demonstrated that age-dependent changes in corticostriatal activity are biphasic. At 1 month, synaptic responses, postsynaptic currents, and glutamate release were increased. At 7 and 12 months, synaptic responses and postsynaptic currents were reduced. Glutamate release began to decrease before 7 months and was markedly reduced by 12 months. These age-dependent alterations in corticostriatal activity were paralleled by a reduction in dopamine D 2 modulation at the presynaptic terminal.
Materials and Methods
Animals. Mice were obtained from the University of British Columbia or from the breeding colony at University of California at Los Angeles (UCLA). This colony at UCLA was originally derived from the breeding colony at the University of British Columbia. Genotype was determined at or just before weaning and confirmed after the animals were killed. For electrophysiological experiments, YAC128 (n ϭ 33) and littermate nontransgenic wild-type (WT) mice (n ϭ 28) were examined at 1 month (10 YAC128 and 9 WT) before overt behavioral symptoms begin, at 7 months (18 YAC128 and 16 WT) after many of the symptoms have developed, and at 12 months (five YAC128 and three WT) after development of the full phenotype (Slow et al., 2003; Benn et al., 2007) . For optical recordings and examination of glutamate release, YAC128 (n ϭ 18) and WT (n ϭ 19) mice were examined at 1 month (eight YAC128 and eight WT), at 7 months (five YAC128 and six WT), and at 12 months (five YAC128 and five WT). All procedures were performed in accordance with the United States Public Health Service Guide for Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committees at UCLA and the University of Washington.
Brain slices for electrophysiology. Procedures for killing mice and making slices have been described previously (Cepeda et al., 1998) . Briefly, mice were anesthetized with halothane and decapitated. Brains were dissected and sliced in the coronal plane (350 m thick) in oxygenated ice-cold low-Ca 2ϩ artificial CSF (ACSF) containing the following (in mM): 130 NaCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 5 MgCl 2 , 1 CaCl 2 , and 10 glucose. After cutting, slices were incubated in a chamber containing oxygenated ACSF (with 2 mM CaCl 2 and 2 mM MgCl 2 , pH 7.2-7.4, 290 -310 mOsm) and maintained at room temperature (25 Ϯ 2°C). After 1 h, slices were placed on the stage of an upright fixed stage Olympus BX51 microscope, submerged in continuously flowing ACSF (4 ml/min). Whole-cell voltage-clamp recordings were performed with a MultiClamp 700A amplifier in concert with Clampex acquisition software (version 8.1). Data were low-pass filtered at 1 kHz and sampled at 10 kHz. The liquid junction potential was 2-3 mV and was not corrected. MSNs were visualized with the aid of infrared video microscopy and were identified by somatic size and basic membrane properties (input resistance, membrane capacitance, and time constant) (Cepeda et al., 1998) . Passive membrane properties of MSNs were determined in voltage-clamp mode by applying a depolarizing step voltage command (10 mV) and using the membrane test function integrated in the pClamp8 software. Series resistance was Ͻ25 M⍀, compensated 70 -80%, and checked periodically. If the series resistance changed Ͼ10% by the end of the experiment, the cell was discarded. The patch pipette (4 -5 M⍀) contained the following solution (in mM): 130 Cs-methanesulfonate, 10 CsCl, 4 NaCl, 1 MgCl 2 , 5 MgATP, 5 EGTA, 10 HEPES, 0.5 GTP, 10 phosphocreatine, 0.1 leupeptin, and 4 QX-314 [N-(2,6-dimethylphenylcarbamoylmethyl)-triethylammonium bromide], pH 7. . QX-314 was used to internally block voltage-dependent Na ϩ current. All drugs used for brain slice experiments were purchased from Sigma.
AMPAR-mediated synaptic currents were evoked by electrical stimulation of afferent cortical fibers using a glass pipette filled with ACSF. The monopolar stimulating electrode was placed on the dorsolateral corpus callosum 150 -250 m from the recording electrode. Stimuli (0.1 ms pulse duration, 0.1-1.0 mA intensity) were delivered at intervals Ͼ30 s. Evoked AMPAR-mediated EPSCs were recorded at a holding potential of Ϫ70 mV in ACSF containing 10 M bicuculline, a GABA A receptor antagonist. For simplicity, although these responses are mediated by both AMPA and kainate ionotropic glutamate receptors, we will name them AMPAR-mediated responses because it is difficult to separate their individual components. These responses could be almost completely blocked by 6-cyano-7-nitroquinoxaline-2,3-dione (10 M), a non-NMDA receptor antagonist (data not shown).
FM1-43 loading and unloading. Mice were anesthetized with Nembutal before they were killed. Coronal sections (200 m thick) containing cortex and striatum were cut on a vibratome and allowed to recover for 1 h in carbogenated (95% O 2 , 5% CO 2 ) ACSF solution (in mM): 109 NaCl, 5 KCl, 35 NaHCO 3 , 1.25 NaHPO 4 , 1.2 MgCl 2 , 2 CaCl 2 , 20 HEPES acid, and 10 glucose at room temperature. During experiments, slices were maintained in an RC-27L incubation chamber (56 l/mm; Warner Instruments) perfused at 2 ml/min with carbogenated ACSF (295) (296) (297) (298) (299) (300) (301) (302) (303) (304) (305) 
Invitrogen) was loaded into presynaptic terminals by a 10 min train of 200 s, 400 A pulses at 10 Hz, applied to cortical layers V-VI by bipolar twisted tungsten electrodes, as described previously (Bamford et al., 2004a) . Electrical stimulation was provided by a Tektronix R564B wave generator through a stimulation isolator (A.M.P.I.) and monitored by a S88 storage oscilloscope (Grass-Telefactor). To remove adventitious tissue staining after FM1-43 loading, sections were incubated in ADVASEP-7 (1 mM in ACSF; CyDex) (Kay et al., 1999) for 2 min. During unloading at 10 Hz, ACSF was supplemented with ADVASEP-7 (100 M) and the AMPAR blocker 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo[f]quinoxaline-2,3-dione (10 M; AG Scientific) to prevent recurrent endocytosis of dye into terminals and feedback synaptic transmission, respectively. To ensure equilibrium, sections were exposed to pharmacological agents for 10 min before stimulation-mediated unloading. Amphetamine sulfate, ( S)-sulpiride, quinpirole, and cadmium chloride were obtained from Sigma.
Imaging and data analysis. Corticostriatal terminals labeled with the fluorescent tracer FM1-43 (Betz and Bewick, 1992; Ryan et al., 1993) were visualized in real time using a Zeiss LSM 510 NLO multiphoton laser scanning confocal microscope equipped with a titanium/sapphire laser (excitation at 810 nm/emission at 650 nm) and a Plan-Neofluar 40ϫ/1.3 oil objective (Zeiss). Multiphoton microscopy provides excellent three-dimensional spatial resolution in brain slice preparations with minimal photo bleaching and photo damage (Mainen et al., 1999) . Images were captured in eight-bit, 123 ϫ 123 m regions of interest at 512 ϫ 512 pixel resolution and acquired at 21.5 s intervals. The striatal region of interest containing fluorescent puncta was 1.5-2.0 mm distant from the cortical stimulation electrodes. To stimulate dopamine release, bipolar electrodes were placed in the striatum and visualized on the edge of the region of interest (see Fig. 2 A) . To compensate for any minor z-axis shift, a z-series of five images, separated by 1 m in the z-plane, was obtained for each period. Images in each z-series were aligned and condensed with maximum transparency.
The time projection of images was analyzed for changes in punctum fluorescence using NIH Image J (Wayne Rosband, National Institutes of Health, Rockville, MD) and custom-written software using interactive data language (IDL; Research Systems). The software adopts an object-recognition protocol that rapidly processes terminal destaining (Zakharenko et al., 2001; Bamford et al., 2004b) . The software identifies spherical puncta 0.5-1.5 m in diameter that fluoresce 2 SDs above the background. Each punctum is aligned in the x, y, and z plane to prevent spatial drift, and the time-dependent fluorescence intensity of each punctum is displayed graphically. Background fluorescence was subtracted, and the destaining halftime was determined using a graphical software algorithm derived on SigmaPlot software (SPSS). Punctum demonstrating no active destaining were rejected. Nearness of fit to firstorder kinetic release was determined using A ϭ 100 * exp(ln(0.5) * t/t 1/2 ), an integrated form of the first-order kinetics equation,
The fractional release parameter ƒ was calculated from ln(F 1 /F 2 )/⌬STIM (Isaacson and Hille, 1997) in which ln is the natural logarithm, F 1 and F 2 are the fluorescent intensities at t 1 and t 2 , respectively, and ⌬STIM is the number of stimuli delivered during that period.
Dissociated cell preparation. Acutely dissociated striatal MSNs were obtained using previously described procedures (Bargas et al., 1994; Starling et al., 2005) . Briefly, mice were anesthetized with halothane and perfused transcardially with 10 ml of ice-cold, oxygenated sucrose solution containing (in mM) 250 sucrose, 11 glucose, 15 HEPES, 1 Na 2 HPO 4 , 4 MgSO 4 , and 2.5 KCl, pH 7.4 (300 -310 mOsm) and were decapitated. Brains were dissected and sliced in oxygenated cold sucrose solution. Coronal 350-m-thick slices were incubated in NaHCO 3 -buffered Earl's balanced salt solution (pH 7.4, 300 -310 mOsm) bubbled with 95% O 2 -5% CO 2 and supplemented with (in mM) 1 pyruvic acid, 0.005 glutathione, 0.1 NG-nitro-L-arginine, and 1 kynurenic acid until dissociation. After a 1 h incubation, dorsal striata were dissected, placed in an oxygenated cell-stir chamber (Wheaton), and enzymatically treated for 20 min with papain (0.5 mg/ml; Calbiochem) at 35°C in a HEPESbuffered Hank's balanced salt solution (pH 7.4, 300 -310 mOsm). After enzymatic digestion, the tissue was rinsed with a low Ca 2ϩ HEPESbuffered Na-isethionate solution [in mM: 140 Na ϩ isethionate, 2 KCl, 2 MgCl 2 , 0.1 CaCl 2 , 23 glucose, and 15 HEPES, pH 7.4 (300 -310 mOsm)] and mechanically dissociated with a graded series of fire-polished Pasteur pipettes. The cell suspension was plated into a Petri dish containing a HEPES-buffered salt solution consisting of the following (in mM): 140 NaCl, 23 glucose, 15 HEPES, 2 KCl, 2 MgCl 2 , and 1 CaCl 2 , pH 7.4 (300 -310 mOsm). For whole-cell voltage-clamp recordings, the internal pipette solution contained the following (in mM): 175 N-methyl-Dglucamine, 40 HEPES, 2 MgCl 2 , 10 EGTA, 12 phosphocreatine, 2 Na 2 ATP, 0.2 Na 2 GTP, and 0.1 leupeptin, pH 7.2-7.3 (265-270 mOsm) (Sigma). The Mg 2ϩ -free external solution consisted of the following (in mM): 135 NaCl, 20 CsCl, 3 BaCl 2 , 2 CaCl 2 , 10 glucose, 10 HEPES, 0.02 glycine, and 0.0003 tetrodotoxin (TTX), pH 7.4 (300 -310 mOsm) (Calbiochem). The presence of Cs ϩ and TTX in the external solution blocked some voltage-gated K ϩ and all Na ϩ currents, respectively. Electrode resistance was typically 5-6 M⍀ in the bath. After seal rupture, the series resistance was compensated (70 -90%) and periodically monitored. Only data from cells for which access resistance values were Ͻ20 M⍀ were included. Signals were detected with an Axoclamp 2B amplifier (Molecular Devices). Membrane capacitances and input resistances were measured by applying a 10 mV depolarizing step voltage command and using the membrane test function integrated in the pClamp software.
Drugs were applied using a pressure-driven perfusion system with an array of capillaries positioned ϳ500 m from the cell. Solution changes were performed by changing the position of the array with a direct current drive system controlled by an SF-77B perfusion system (Warner Instruments) synchronized by pClamp. Agonists, antagonists, and modulators were applied for 3 s every 30 s. Responsiveness of cells to AMPA application in the absence or presence of 10 M cyclothiazide (CTZ) was examined at a holding potential of Ϫ70 mV.
Statistics. Values in the text and the figures are mean Ϯ SEM. Analyses were performed with Prism 4 (GraphPad Software), Statistica 6.1, SigmaStat (SPSS), and pClamp 8.2 (Molecular Devices) software suites. Group means for all measures were compared using Student's t tests (for two group comparisons) and appropriately designed ANOVAs followed by Bonferroni's t tests (multiple group comparisons). Comparisons between release halftimes were determined using Mann-Whitney, ANOVA, or Kolmogorov-Smirnov tests. Changes in terminal subpopulations were determined graphically using normal probability plots by comparing individual terminal release with normally distributed data. Differences were considered significant if p Ͻ 0.05.
Results

Biphasic alterations in evoked corticostriatal synaptic currents
EPSCs were evoked in MSNs from YAC128 and WT mice at 1 and 7 months to examine alterations in synaptic responses. The mean stimulation threshold required to evoke an EPSC was significantly lower in cells from YAC128 mice than those from WT mice at 1 month (0.06 Ϯ 0.01 mA for YAC128 vs 0.11 Ϯ 0.02 for WT; p Ͻ 0.05) but not at 7 months (0.14 Ϯ 0.02 mA for YAC128 vs 0.16 Ϯ 0.02 mA for WT). At 1 month, the mean peak response amplitudes were significantly greater in cells from YAC128 mice compared with those of WTs at stimulation intensities between 0.3 and 1.0 mA ( p Ͻ 0.05-0.01) ( Fig. 1 A, B1 ). At 7 months, however, the mean peak amplitudes in cells from YAC128 mice were smaller than those of WTs, especially at the higher intensities of stimulation ( p Ͻ 0.05) ( Fig. 1 A, B2 ). In cells from WTs, the mean peak current amplitudes increased with age ( p Ͻ 0.05) (Fig. 1C1 ). In contrast, the mean current amplitudes in YAC128 cells showed a small decrement with age ( Fig. 1C2) .
Recordings of synaptic responses also were made in slices from WT and YAC128 mice at 12 months of age in which the effects of quinpirole were examined (see below). In this series, we used low stimulation intensities (0.05-0.3 mA) because we wanted to concentrate on modulation by quinpirole. Peak amplitudes of responses in YAC128 mice at 1 year of age also were significantly smaller than those of WT mice at this age. The peak amplitudes displayed the greatest differences at stimulation intensities Ն0.15 mA ( p Ͻ 0.001, two-way ANOVA). Mean values Ϯ SE (in picoamperes) at each intensity for cells from WT (n ϭ 9) and YAC128 (n ϭ 10) mice, respectively, were as follows: 0.05 mA, 44.2 Ϯ 12.6 versus 21.7 Ϯ 2.9, p ϭ 0.6; 0.1 mA, 171.0 Ϯ 35.6 versus 106.6 Ϯ 18.2, p ϭ 0.11; 0.15 mA, 276.6 Ϯ 42.9 versus 179.1 Ϯ 18.2, p ϭ 0.02; 0.2 mA, 294.3 Ϯ 42.5 versus 187.2 Ϯ 18.2, p ϭ 0.011; 0.3 mA, 309.4 Ϯ 42.5 versus 184.6 Ϯ 18.1, p ϭ 0.004 (Fisher's post hoc test). These data indicate that the decreases in peak amplitude in YAC128 mice first observed at 7 months remain at 1 year. Thus, cells from YAC128 mice display a biphasic response to synaptic activation of AMPA receptors. Young YAC128 mice displayed increased AMPAR-mediated responses followed by a subsequent reduction in older mice partially attributable to increasing response amplitudes in cells from WTs. There were no significant differences between YAC128 and WT mice in mean rise or decay times or duration at half-amplitude (data not shown). We anticipated that the observed agedependent changes in the corticostriatal synaptic response could be attributable to presynaptic alterations in glutamate release, alterations in postsynaptic AMPARs, or a combination of both effects. Subsequent experiments examined each of these possibilities.
Biphasic alteration in evoked corticostriatal release
To examine presynaptic function, we assessed FM1-43 release from cortical terminals within the dorsal striatum (Fig. 2 A) . Stimulation of axons or cell bodies of projection neurons in layers V-VI of the cortex overlying the motor striatum resulted in endocytosis of FM1-43 dye by recycling synaptic vesicles, revealing linear en passant arrays of fluorescent puncta, characteristic of corticostriatal afferents (Fig. 2 B) (Bamford et al., 2004a (Bamford et al., ,b, 2008 . After dye loading, cortical restimulation resulted in exocytosis of FM1-43 dye from the terminals, which decreased in a manner approximated by a single exponent, characteristic of synaptic vesicle fusion (Fig. 2C,D) (Stevens and Tsujimoto, 1995; Wölfel and Schneggenburger, 2003) . FM1-43 destaining was calcium dependent because cadmium prevented stimulated release of the dye from presynaptic terminals (Fig. 2 E) . Because FM1-43 destaining generally followed first-order kinetics, corticostriatal release was characterized by the halftime (t 1/2 ) of release, defined as the time required for terminal fluorescence to decay to half its initial value.
The effects of mutant huntingtin on corticostriatal release were examined in slices from YAC128 mice at 1, 7, and 12 months. We observed the effect of frequency dependence by unloading corticostriatal terminals at 1, 10, and 20 Hz. In slices from 1-month-old WT mice, destaining was dependent on the frequency of applied stimulation and exhibited the greatest slope at 10 Hz (Fig. 3A) , suggesting that this frequency would be sensitive for detecting responses to genotype and pharmacological manipulations (Stern et al., 1997; Bamford et al., 2004b) . At this stimulation frequency, the mean halftime of release from corticostriatal terminals in slices from YAC128 mice was 17% lower at 1 month of age compared with WT (t 1/2 ϭ 180 s for YAC128 vs t 1/2 ϭ 211 s for WT; p Ͻ 0.001) (Fig. 3 A, B,H ), indicated by a faster release of FM1-43. At 7 months, however, there was a 6% increase in average release halftimes from YAC128 mice compared with WTs (t 1/2 ϭ 243 s for YAC128 vs t 1/2 ϭ 230 s for WT; p ϭ 0.24) (Fig. 3C,H ) . By 12 months, corticostriatal halftimes of release in slices from YAC128 mice significantly increased by 28% (t 1/2 ϭ 300 s for YAC128 vs t 1/2 ϭ 234 s for WT; p Ͻ 0.001) (Fig.  3 D, H ) . Thus, compared with WTs, corticostriatal release was enhanced in young YAC128 mice but subsequently declined with age.
An advantage of this optical technique is that we are able to examine and compare corticostriatal vesicular release kinetics from individual terminals. When the halftimes of individual terminals are presented relative to their SD from the mean value, a straight line indicates a normally distributed (or single) population (Bamford et al., 2004b) . At 1 month, mutant huntingtin increased vesicular release from all terminals ( Fig. 3E) . At 7 months in slices from the YAC128 mice, exocytosis from fast-releasing terminals remained potentiated, but terminals with halftimes lower than 1 SD below the mean became inhibited (Fig. 3F ) . Although the mean value of release was similar between WT and YAC128 at 7 months, there was a significant change in the distribution of terminals ( p Ͻ 0.001, Kolmogorov-Smirnov test). In 12-month-old YAC128 slices, all terminals became slower so that the fasterreleasing subpopulation became similar to WTs, whereas the slower population of terminals was further inhibited (Fig. 3G) .
In WTs, corticostriatal release decreased progressively with age. The halftime of release increased from t 1/2 ϭ 211 s at 1 month, to t 1/2 ϭ 230 s at 7 months, and to t 1/2 ϭ 234 s at 12 months (F (2,814) ϭ 46; p ϭ 0.01, ANOVA) (Fig. 3 H, I ). In YAC128 mice, terminal release kinetics also declined with age but did so to a greater extent than in WTs, decreasing from t 1/2 ϭ 180 s at 1 month, to t 1/2 ϭ 243 s at 7 months, and to t 1/2 ϭ 300 s at 12 months (F (2,685) ϭ 59; p Ͻ 0.001, ANOVA) (Fig. 3 H, J ) . Thus, although corticostriatal release in WT mice decreased by 11% between 1 and 12 months, YAC128 mice demonstrated a 67% decrease over the same period.
Although terminal release halftimes in WTs decreased with age, the population of terminals remained mostly normal (Fig.  3I ) . Examination of individual terminals in slices from YAC128 mice at 7 months also demonstrated linearity, consistent with normally distributed release kinetics (Fig. 3J ) . At 1 month, however, there was preferential excitation in those terminals with halftimes of release greater than 1 SD below the mean. At 12 months, those terminals appeared preferentially inhibited (Fig. 3J ) . Thus, compared with WTs, cortical input to the YAC128 striatum was enhanced in young mice but showed a progressive decline with age, with time-dependent alterations in specific subpopulations of corticostriatal terminals at each age.
Functional activity of corticostriatal afferents
We determined whether these age-related changes in corticostriatal activity might be produced through alterations in endocytosis, a reduction in active terminals, or by modifications in the fractional release of FM1-43. Changes in release of FM1-43 in slices from 1-month-old mice were not attributable to inadequate FM1-43 loading of the recycling synaptic vesicle pool because loading stimulation frequencies of 1, 10, or 20 Hz (for 10 min) did not significantly affect unloading at 10 Hz in either WT (t 1/2 ϭ 210 s at 1 Hz, 211 s at 10 Hz, and 205 s at 20 Hz; n ϭ 32-425 puncta; p Ͼ 0.5, Mann-Whitney test) or in YAC128 (t 1/2 ϭ 177 s at 1 Hz, 179 s at 10 Hz, and 177 s at 20 Hz; n ϭ 39 -353 puncta; p Ͼ 0.1, Mann-Whitney test) mice. Likewise, synaptic vesicle fusion was conserved in all age groups, because corticostriatal release in slices from both WT and YAC128 mice approximated first-order release kinetics (r 2 Ͼ 0.99) (Fig. 3B-D ) and remained dependent on calcium (Fig.  2 E) . However, although the number of active terminals in each slice was similar in WT and YAC128 mice at 1 month (32.4 Ϯ 4 vs 33.3 Ϯ 2 puncta for WT and YAC128 mice, respectively; n ϭ 34 -35 slices; p ϭ 0.4, ANOVA) and at 7 months (36.9 Ϯ 3 vs 38.1 Ϯ 5 puncta for WT and YAC128 mice, respectively; n ϭ 16 -34 slices; p ϭ 0.4, ANOVA), it was significantly reduced in YAC128 mice at 12 months (33.8 Ϯ 4 puncta for WTs vs 21.9 Ϯ 3 puncta for YAC128 mice; n ϭ 19 -21 slices; p ϭ 0.02, ANOVA), suggesting a reduction in functional corticostriatal afferents in older YAC128 mice.
In WTs, the mean fractional destaining of FM1-43 per stimulus ( f ) at 1 month was 0.033 Ϯ 0.002% (Fig. 3K ) , similar to previous reports (Bamford et al., 2004b (Bamford et al., , 2008 . There was a decline in the fractional release with age to f ϭ 0.032 Ϯ 0.002% at 7 months and to f ϭ 0.025 Ϯ 0.002% at 12 months (F (2,90) ϭ 3; p Ͻ 0.05, ANOVA). Fractional destaining decreased more rapidly in slices from YAC128 mice, declining from f ϭ 0.038 Ϯ 0.003% at 1 month, to f ϭ 0.027 Ϯ 0.003% at 7 months, and to f ϭ 0.021 Ϯ 0.001% at 12 months (F (2,90) ϭ 11; p Ͻ 0.001, ANOVA), with the greatest depression seen at 1 year ( p Ͻ 0.05, ANOVA). The reduced fractional release of label during exocytosis in slices from YAC128 mice could be attributable to a reduced probability of recycling synaptic vesicles that undergo exocytic fusion per stimulus, a reduced amount of FM1-43 released per exocytic event, or a combination of these mechanisms (Bamford et al., 2008) .
Dopamine filters corticostriatal release
Previous experiments using untreated adult mice demonstrated that dopamine filters cortical information to the striatum by inhibiting exocytosis from less active corticostriatal terminals via activation of D 2 receptors (Bamford et al., 2004a (Bamford et al., ,b, 2008 ( Fig. 4 A-D) . Similar to amphetamine, the D 2 receptor agonist quinpirole (0.5 M) also depressed corticostriatal exocytosis (t 1/2 ϭ 258; p Ͻ 0.001) (Fig. 4 B-D) . As expected, the D 2 receptor antagonist sulpiride (10 M) completely blocked inhibition by amphetamine (t 1/2 ϭ 205 s for amphetamine and sulpiride; p Ͼ 0.5 compared with untreated slices) (Fig. 4 B-D) . Both amphetamine and quinpirole created two reversible populations of terminals that diverged at 1 SD below the mean (Fig.  4 D) , preferentially inhibiting slowreleasing terminals (ϳ80%).
In slices from 1-month-old YAC128 mice, amphetamine also inhibited FM1-43 destaining with the greatest effect seen at 10 Hz cortical stimulation (t 1/2 ϭ 250 vs 180 s for untreated slices from YAC128 mice; p Ͻ 0.001) (Fig. 4 E-H ). Quinpirole also inhibited release (t 1/2 ϭ 257; p Ͻ 0.001) (Fig. 4 F-H ) , and the inhibitory effect of amphetamine was blocked by sulpiride (t 1/2 ϭ 179 s for amphetamine and sulpiride; p Ͼ 0.5 compared with untreated slices from YAC128 mice) (Fig.  4 F-H ) . Thus, in both WT and YAC128 slices, amphetamine or quinpirole produced a D 2 receptor-dependent filter with filtering applied preferentially to terminals with the lowest probability of release (Bamford et al., 2004b; Dani and Zhou, 2004 filtering was also seen at 7 months in slices from both WT and YAC128 mice. In WTs, quinpirole depressed release (t 1/2 ϭ 277 vs 230 s for untreated slices; p Ͻ 0.001) (Fig.  5A-C) as did amphetamine (t 1/2 ϭ 289 s; p Ͻ 0.001). Sulpiride blocked the inhibitory effect of amphetamine (t 1/2 ϭ 221 s for amphetamine and sulpiride; p ϭ 0.5 compared with untreated slices) (Fig. 5A-C) . Similar to 1-month-old WT mice, both quinpirole and amphetamine filtered corticostriatal release by selective inhibition of the slowest releasing terminals (Fig.  5C ). In YAC128 slices, quinpirole (t 1/2 ϭ 311 vs 243 s for untreated slices from YAC128 mice; p Ͻ 0.001) (Fig. 5D-F ) or amphetamine (t 1/2 ϭ 308 s; p Ͻ 0.001) reduced release and did so through highpass corticostriatal filtering (Fig. 5F ). Sulpiride alone did not alter release (t 1/2 ϭ 246; n ϭ 287 puncta; p ϭ 0.8, MannWhitney test) and blocked the inhibitory effect of amphetamine (t 1/2 ϭ 235 s for amphetamine and sulpiride; p ϭ 0.7 compared with untreated slices from YAC128 mice) (Fig. 5D-F ) .
Dopamine filtering is less effective in older YAC128 mice
In 12-month-old WTs, both quinpirole (t 1/2 ϭ 288 vs 234 s for untreated slices; p Ͻ 0.001) (Fig. 6 A-C) and amphetamine (t 1/2 ϭ 276 s; p Ͻ 0.001) inhibited corticostriatal release but did so through nonselective inhibition of all terminals (Fig. 6C) . Sulpiride alone had no effect on release (t 1/2 ϭ 226 s; n ϭ 198 puncta; p ϭ 0.4, Mann-Whitney test) and blocked amphetamine-induced inhibition (t 1/2 ϭ 240 s for amphetamine and sulpiride; p ϭ 0.5 compared with untreated slices) (Fig.  6 A-C) . Compared with WTs, exocytosis was reduced in slices from 12-month-old YAC128 animals (t 1/2 ϭ 300 vs 234 s for same-aged WTs; p Ͻ 0.001, Mann-Whitney test) (Fig. 3G ), but both quinpirole (t 1/2 ϭ 336 s; p Ͻ 0.05) (Fig. 6 D-F ) and amphetamine (t 1/2 ϭ 340 s; p Ͻ 0.01) remained inhibitory. Sulpiride alone did not change release (t 1/2 ϭ 299 s; n ϭ 96 puncta; p ϭ 0.8, Mann-Whitney test) and prevented amphetamine-induced inhibition (t 1/2 ϭ 307 s for amphetamine combined with sulpiride; p ϭ 0.7 compared with untreated YAC128 slices) (Fig. 6 D-F ) . Thus, in slices from older WT and YAC128 animals, dopamine-dependent high-pass filtering found in slices from younger mice was absent because activation of D 2 receptors more broadly inhibited cortical input.
To parallel the release experiments, modulation of synaptic responses by quinpirole were also tested at 1 year. D 2 receptor activation produced a reduced effect in cells from YAC128 mice compared with those from WTs at 1 year of age. Mean percentage change was averaged for each cell across stimulation intensities. Quinpirole reduced WT peak amplitudes by Ϫ18.7 Ϯ 5.8 and , 194, 246 , and 224 puncta for Veh, Quin, Amph, and AmphϩSulp, respectively. ***p Ͻ 0.001 compared with Veh, Mann-Whitney test. D, Individual terminal halftimes of release from averaged puncta shown in B. E, Release halftimes for 1-month-old YAC128 slices after cortical stimulation at 1, 10, and 20 Hz in the presence and absence of amphetamine in vitro (n ϭ 62-353 puncta for each condition; *p Ͻ 0.05, ***p Ͻ 0.001, Mann-Whitney test). Curves for A and E were fit with a Hill equation. F, Compared with untreated slices (Veh), both the D 2 receptor agonist Quin and Amph decreased FM1-43 destaining in slices from 1-month-old YAC128 mice. The inhibitory effect of Amph was reversed by addition of the D 2 receptor antagonist Sulp (AmphϩSulp). G, Distribution of mean t 1/2 of release for destaining curves shown in F. n ϭ 284, 271, 285, and 277 puncta for Veh, Quin, Amph, and AmphϩSulp, respectively. ***p Ͻ 0.001 compared with Veh, MannWhitney test. H, Individual terminal halftimes from averaged puncta shown in F.
Ϫ29.1 Ϯ 5.5% from baseline at 1 and 10 M concentrations, respectively. In contrast, peak amplitudes of cells from YAC128 mice increased by 15.8 Ϯ 6.7% ( p ϭ 0.0012 compared with values from WTs) and 6.5 Ϯ 11.6% ( p ϭ 0.016 compared with values from WTs) at quinpirole concentrations of 1 and 10 M, respectively.
Although both amphetamine and quinpirole continued to inhibit release in older WT and YAC128 mice, corticostriatal filtering became impaired, and the average response to D 2 receptor manipulation declined with age. At 1 month, amphetamine decreased exocytosis (increased average terminal halftimes) by 35 Ϯ 8% in slices from WT mice and by 35 Ϯ 5% from YAC128 mice (Fig. 6G) . At 7 months, the response to amphetamine declined to 28 Ϯ 2% in WTs and to 22 Ϯ 6% in YAC128 mice. At 12 months, amphetamine decreased exocytosis by 20 Ϯ 1% in WTs but by only 10 Ϯ 3% in YAC128 mice. Although the inhibition by dopamine of corticostriatal release decreased in both WT and YAC128 slices, there was a greater reduction in YAC128 mice by 12 months ( p Ͻ 0.05) (Fig. 6G) . Therefore, the expected decline in the ability of amphetamine to release synaptic dopamine in senescence (Gerhardt and Maloney, 1999 ) was greater in YAC128 slices. Interestingly, in WT slices, quinpirole reduced release by 18 -21%, with little variability over the age of the mouse (Fig.  6 H) , suggesting that D 2 receptor sensitivity does not change because decreases in dopamine reuptake may compensate for the age-dependent decline in dopamine availability (Gerhardt and Maloney, 1999; Hebert and Gerhardt, 1999) . However, in slices from YAC128 mice, quinpirole decreased exocytosis by 35 Ϯ 5% at 1 month, but by 26 Ϯ 4% at 7 months, and by only 9 Ϯ 2% at 12 months ( p Ͻ 0.001, ANOVA) (Fig. 6 H) . Therefore, although the response to direct D 2 receptor stimulation in WTs remained constant, the effect of quinpirole in YAC128 mice was amplified at 1 month but became diminished at 12 months ( p Ͻ 0.05 interaction between YAC128 mutation and age, two-way ANOVA).
To confirm that slices from older YAC128 mice did not respond to D 2 receptor stimulation to the same degree as their WT littermates, we released striatal dopamine in a different manner using local bipolar stimulation (Fig. 2 A) . Rodents exposed to behaviorally salient stimuli display a rapid pulsatile elevation of striatal dopamine that reaches 200 -500 nM and declines to background levels in Ͻ1 s (Robinson et al., 2001 ). In the slice preparation, striatal stimulation at 0.1 Hz evokes local dopamine release in a manner similar to behavioral stimuli associated with activation of reward pathways, reaching a peak level of ϳ1-2 M for the first stimulus and eventually decreasing to a plateau of ϳ30% of initial concentration (Bamford et al., 2004b) . At this frequency, electrically evoked synaptic dopamine inhibits glutamate release in normal mice to the same extent as amphetamine, and striatal stimulation alone has no measurable effect on punctum fluorescence, suggesting negligible direct interactions with glutamatergic afferents (Bamford et al., 2004b) . In slices from 7-month-old YAC128 mice, striatal stimulation reduced exocytosis by 22% (t 1/2 ϭ 297 vs 243 s for unstimulated sections; n ϭ 110 puncta; p Ͻ 0.001, Mann-Whitney test), a halftime of release similar to that observed in YAC128 slices with quinpirole (t 1/2 ϭ 311 s; p ϭ 0.4, Mann-Whitney test) or amphetamine (t 1/2 ϭ 308 s; p ϭ 0.7, Mann-Whitney test). In 12-month-old YAC128 mice, striatal stimulation reduced corticostriatal release by 14% (t 1/2 ϭ 343 vs 300 s for unstimulated sections; n ϭ 110 puncta; p ϭ 0.02, MannWhitney test), similar to that achieved by quinpirole (t 1/2 ϭ 336 s; p ϭ 0.1, Mann-Whitney test) or amphetamine (t 1/2 ϭ 340 s; p ϭ 0.5, Mann-Whitney test). As expected, sulpiride blocked the effect of striatal stimulation (t 1/2 ϭ 296 s; n ϭ 110 puncta; p ϭ 0.2 compared with unstimulated sections, Mann-Whitney test). Thus, D 2 receptor stimulation with quinpirole, dopamine released via amphetamine, or dopamine released by direct striatal stimulation were all less effective in modulating corticostriatal vesicular release in 12-month-old YAC128 mice. Biphasic alterations in biophysical membrane properties and postsynaptic AMPAR-mediated currents To more specifically examine postsynaptic changes in AMPAR function, we assessed changes in evoked currents in acutely dissociated MSNs at 1 and 7 months. Based on electrophysiological measurements and cell appearance, all electrophysiological recordings were from MSNs ( Fig.  7 A, B) . The mean cell capacitance, input resistance, and membrane time constants were similar in YAC128 and WT mice at 1 month (Fig. 7B) . However, a decrease in mean membrane time constant ( p Ͻ 0.05) and an increase in mean input resistance ( p Ͻ 0.005) occurred in MSNs obtained from YAC128 mice compared with WTs at 7 months. The mean capacitance also decreased, but this difference was not statistically significant ( p ϭ 0.057). Increases in input resistance and decreases in capacitance and membrane time constants of MSNs have been observed in other mouse models of HD (Starling et al., 2005) .
In cells from both WT and YAC128 mice, AMPA (100 M) application produced a rapid peak response that desensitized quickly (Fig. 8 A) . The amplitude of the AMPA peak increased markedly in the presence of CTZ (10 M), an inhibitor of AMPAR desensitization (Fig. 8 B) , with little difference in the qualitative appearance of the response between age groups (Fig.  8 A, B) . At 1 month in response to AMPA or AMPA plus CTZ, cells from YAC128 mice displayed higher mean peak current ( p Ͻ 0.02 and p Ͻ 0.025 for AMPA and AMPA plus CTZ, respectively) and mean peak current density ( p Ͻ 0.005 and p Ͻ 0.006 for AMPA and AMPA plus CTZ, respectively) than cells from WT mice (Fig.  8C1,C2,D1,D2 ). Mean steady-state currents and current densities were also higher in cells from YAC128 mice at 1 month of age, but the difference was significant for only the steady-state current densities ( p Ͻ 0.05) (Fig. 8C3,D3 ). At 7 months, however, mean peak currents and peak current densities, as well as mean steady-state currents and steady-state current densities, were similar in cells from YAC128 and WT mice. Thus, although AMPAR-mediated responses in WTs generally increased with age, such responses in YAC128 cells declined.
Contribution of Ca
2؉ -permeable GluR2 subunits It is possible that the higher AMPAR-mediated currents observed at 1 month in YAC128 mice were the result of an increased proportion of GluR2-lacking Ca 2ϩ -permeable AMPARs. Philanthotoxin-433 (PhTX-433) is a polyamine toxin that selectively inhibits Ca 2ϩ -permeable AMPAR, which lack Q/R-edited GluR2 subunits (Tóth and McBain, 1998) . We compared the contribution of Ca 2ϩ -permeable AMPARs by using PhTX-433 inhibition of AMPA plus CTZ-induced peak currents (Fig. 9A) . At both ages and in both genotypes, ϳ10 -15% of the AMPA plus CTZ peak current was blocked by PhTX-433 (10 M). However, there were no differences in the mean percentage of the AMPA current blocked by PhTX-433 between YAC128 and WT cells at either 1 or 7 months. 
Desensitization of AMPAR-mediated responses in YAC128 mice
In addition to its effects on peak AMPA currents, CTZ also differentially modulates AMPAR desensitization depending on the predominance of either the FLIP or the FLOP splice variants. The desensitization rates are slower when the FLIP version of AMPARs predominates and faster when the FLOP version predominates (Partin et al., 1994 (Partin et al., , 1995 Vorobjev et al., 2000) . Striatal MSNs mainly express FLIP variants of GluR1, GluR2, and GluR3 AMPAR subunits (Vorobjev et al., 2000) . As an index of the ratio of FLIP and FLOP variants in the composition of striatal AMPARs, we examined the ratio of AMPA plus CTZ current at peak and 1.5 s after the peak (at the halfway point of the 3 s exposure) to calculate the extent of the decay in peak current of these responses. The desensitization-induced decay in AMPA plus CTZ currents was significantly lower in YAC128 mice both at 1 month ( p ϭ 0.019) and 7 months ( p ϭ 0.012) (Fig. 9B) . Thus, MSNs from YAC128 mice at both ages may express a higher proportion of FLIP variant compared with those of WTs. Moreover, the FLIP to FLOP ratio remained unchanged in both genotypes because the desensitization-induced decay in peak currents at 1 and 7 months were approximately the same.
Concentration-response functions of AMPAR-mediated currents
Finally, we determined whether age-dependent alterations in glutamate release produced sensitivity changes in AMPARmediated responses. Different concentrations of AMPA (1-1000 M) applied to a subset of neurons at 1 and 7 months from both YAC128 and WT mice produced similar sigmoid dose-response curves (Fig. 9C) . The EC 50 and Hill coefficients were similar at each age in cells from WT and YAC128 animals, suggesting that apparent affinity of the AMPA receptor for AMPA does not differ significantly.
Discussion
Glutamate receptor-mediated excitoxicity appears to be a major contributor to the pathophysiology of neurodegenerative illnesses, including HD (McDonald and Johnston, 1990; Lipton and Rosenberg, 1994) . A considerable body of evidence derived from HD mouse models suggests that the mutation promotes abnormal synaptic function (Cepeda et al., 2003; Li et al., 2004; Smith et al., 2005; Milnerwood and Raymond, 2007) . The present study combined electrophysiological recordings from striatal MSNs with optical measurements of release from corticostriatal terminals. The results indicate that alterations in corticostriatal synapses were biphasic and involved both presynaptic and postsynaptic components. Synaptic responses were increased in young, presymptomatic mice attributable to an enhancement in both glutamate release and postsynaptic AMPAR function. Development of the motor phenotype in YAC128 mice coincided with a decrease in synaptic responses that were attributable to combined presynaptic and postsynaptic effects. At 12 months, glutamate release, synaptic response amplitude, and their modulation by D 2 receptors decreased markedly.
Mutant huntingtin induces biphasic alterations in corticostriatal activity
In 1-month-old YAC128 mice, enhanced AMPAR-mediated synaptic responses corresponded to an increased responsiveness of MSNs to cortical stimulation and to accelerated exocytosis from cortical terminals. This age-specific potentiation in excitability occurred in all cortical terminals and is consistent with the hypothesis that increased synaptic release of glutamate might induce excitotoxic injury in MSNs (DiFiglia, 1990; Calabresi et al., 1995) . In contrast to our findings, in which we used extrastriatal stimulation, another study using intrastriatal evoked EPSCs showed that synaptic AMPAR currents recorded from MSNs in 1-month-old YAC128 mice were reduced when compared with those obtained from nonpathologic YAC18 mice (Milnerwood and Raymond, 2007) . This discrepancy might be expected because intrastriatal electrical stimulation would likely release dopamine (Bamford et al., 2004b) and modulate the relative amplitudes of the AMPAR response.
In cells from YAC128 mice, there was a decrease in the size of the synaptically evoked response with age. In contrast, the size of the response increased in WT mice. This age-related effect led to a significant difference in response size when the comparisons . Effects of PhTX-433 and desensitization of AMPAR responses and concentration-response functions in striatal MSNs. A, Bar graphs showing mean Ϯ SE fractional AMPA plus CTZ peak currents after inhibition by 10 M PhTX-433 in acutely dissociated MSNs from YAC128 mice at each age tested. Fractional peak currents in MSNs from YAC128 mice and their WT littermates were similar at each age. B, Bar graphs showing mean Ϯ SE fractional AMPA plus CTZ currents at 1.5 s after the peak in acutely dissociated MSNs from YAC128 mice and their WT littermates at each age tested. A higher mean fractional current occurred in YAC128 mice at both 1 and 7 months. Numbers of cells: 1 month YAC128 ϭ 18, WT ϭ 16; 7 month YAC128 ϭ 11, WT ϭ 11. *p Ͻ 0.05. C, Concentration-response functions to application of an increasing series of AMPA concentrations (0.1-1000 M) in the continuous presence of 10 M CTZ. Peak currents were recorded at each concentration, and points were fitted to concentration-response functions. EC 50 values and Hill coefficients were similar in YAC128 cells and those from their respective WT littermates at all ages examined. Numbers of cells for each group are in parentheses.
satory mechanism for decreased dopamine availability because the number of striatal neurons is reduced by 15% in this age group (Slow et al., 2003) . Together, these age-dependent alterations in dopamine receptors and dopamine availability are also likely associated with the motoric deficits found in YAC128 animals.
Conclusions
The biphasic age-dependent alterations along the corticostriatal pathway in YAC128 mice emphasize the complexity of the neuronal effects produced by mutant huntingtin. There are age-and disease-dependent alterations in both corticostriatal terminal subpopulations and alterations in AMPA and dopamine receptor function that will produce asymmetrical degenerative changes to specific subpopulations of striatal cells. Such changes emphasize the importance of designing therapies that separately target different phases of the disease. The present findings suggest that glutamate receptor antagonists may only be beneficial if started in the presymptomatic stage, whereas later therapies should be aimed at increasing synaptic activity. Future investigations should examine how the manipulation of other neurotransmitters that modulate corticostriatal activity might reverse these alterations.
